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Although species C human adenoviruses establish persistent infections, the molecular details of this lifestyle remain poorly understood. We previously reported that adenovirus DNA is found in human mucosal T lymphocytes in a noninfectious form (C. T. Garnett The four species C serotypes (adenovirus type 1 [Ad1], Ad2, Ad5, and Ad6) are the most commonly encountered of the 51 known human adenoviruses. Species C viruses cause roughly 5% of symptomatic upper respiratory tract (18) and 15% of lower respiratory tract (2) infections in children under the age of 5. In a 6-year prospective study, adenoviruses were found in 8% of nasal washings from children with febrile respiratory illness, 81% of which were species C serotypes 1 or 2 (11) . Primary infections with these serotypes usually occur within the first few years of life. By comparison, active species C infections were found in only 7 of 1,018 clinical respiratory illnesses in older children and young adults (12) (13) (14) , and are virtually never seen in military recruits (28) .
Species C adenoviruses are normally weakly pathogenic, with a frequency of asymptomatic primary infections of 50 to 90% (3, 11, 18) . However, important exceptions exist. Adenovirus infections of very young children can lead to fatal pneumonia (8, 33, 50) . Up to half of cases of intussusception (a bowel obstruction commonly caused by lymphoid hyperplasia) in children under the age of 2 are associated with the common adenoviruses (22, 43, 48) . Adenoviruses are the most common cause of myocarditis in neonates and infants under 1 year of age (5, 40) . Recently we reported a surprising association between prenatal species C adenovirus infection and the development of childhood acute leukemia (23) .
Species C adenoviruses also cause significant morbidity and mortality among immunosuppressed individuals, including recipients of bone marrow (4, 16, 59) , liver (7, 41) , kidney (45) , heart (53) , and lung (6, 46) transplants, as well as in children with immunodeficiency diseases (24) . Among transplant recipients, the incidence of adenoviral disease is much higher in children than in adults (16, 26) .
Species C adenoviruses also establish persistent infections characterized by intermittent excretion (19) . Although primary infections are respiratory, species C viruses are found in feces months, and even years, after virus is no longer detected in nasopharyngeal washings (18, 19) . Restriction analysis of viruses isolated years after initial infection suggests persistent infection, rather than reinfection with the same serotype (1) .
Early studies documented the persistence of small amounts of replication-competent species C adenovirus in tonsils and adenoids (14, 30, 58) . However, the frequent finding of adenoviral DNA in tonsils that fail to yield infectious virus (44) led investigators to postulate that the virus is latent in these tissues. If indeed these viruses form latent infection in lymphoid tissues as part of their life cycle, one prediction is that quiescent viral DNA should be localized to a unique cell type, as is seen in other latent viruses (15, 49, 57) . We have previously reported that adenovirus DNA in human tonsil and adenoid cells is preferentially located in the T-lymphocyte population (20) . In the present study, we have expanded our analysis of human tonsil and adenoid tissues harboring species C adeno-viruses to determine the dynamics of infection and clearance of viral DNA with age, the unique serotypes involved, the frequency of virus-bearing cells, and the levels of viral gene expression and infectious virus production with and without in vitro activation. These studies suggest that species C adenoviruses form latent infections in children that are generally cleared by the time they become young adults.
MATERIALS AND METHODS
Tonsil and adenoid cell suspensions. Palatine tonsils or adenoids were obtained from 203 donors undergoing tonsillectomies at Egleston Children's Hospital (Atlanta, GA) following a diagnosis of tonsillar hypertrophy, recurrent bacterial infections, or recurrent otitis media. This study was performed under human investigation approval (no. 666-99) from the Emory University Internal Review Board. Pairs of tonsils from individual donors were pooled. In some cases tonsil and adenoid tissues removed from the same donor were analyzed separately, and in other cases the tonsil and adenoid tissues from the same donor were pooled. In the this paper, clinical samples of separate palatine tonsils or adenoids are designated T or A, respectively. Pooled tonsil and adenoid tissues are designated TA. Surgically removed tissue was placed in sterile HEPESbuffered Hanks' balanced salt solution (HH) containing 5% fetal bovine serum (FBS), 10 mM glutamine, 0.05 mg/ml gentamicin, and Antibiotic-Antimycotic mixture (AA) (Gibco catalog no. 15240-062) (HH5). Tissues were processed into a single-cell suspension as previously described (20) . Briefly, tissue was pushed through a stainless steel wire screen, and cells were washed once in HH5 and then stored in aliquots of 1 ϫ 10 8 to 2 ϫ 10 8 cells per ml of 90% FBS and 10% dimethyl sulfoxide in liquid nitrogen. For analysis, vials of cells were thawed and viable lymphocytes purified by centrifugation through Ficoll type 400 (Sigma, catalog no. F5415) as described previously (20) .
Cell digestion and DNA extraction. Cells (5 ϫ10 6 ) were washed in phosphatebuffered saline (PBS), suspended in 50 l of lysis buffer (0.45% NP-40, 0.45% Tween 20, 2 mM MgCl 2 , 50 mM KCl, 10 mM Tris-HCl [pH 8.3], 0.5 mg per ml proteinase K), and incubated at 55°C for 24 to 48 h. Tubes were vortexed intermittently to enhance enzymatic digestion. Following the 55°C incubation, proteinase K was inactivated at 95°C for 15 min and the samples stored at Ϫ20°C. Samples were thawed and vortexed vigorously before use. Five microliters of each DNA sample was used directly in the PCRs as described below.
Real-time quantitative PCR. All PCR primers used in this study are described in Table S1 in the supplemental material. Quantitative analysis of species C adenovirus hexon DNA in tonsil and adenoid lymphocytes was performed using real-time PCR as previously described (20) . Briefly, PCR amplification was carried out in 50-l reaction mixtures consisting of Qiagen 1ϫ PCR buffer, 2.25 mM MgCl 2 , 0.2 mM deoxynucleoside triphosphates (Roche), 2.5 U Qiagen HotStar Taq polymerase, 0.5 M of each primer, and 0.3 M of TaqMan probe. Primers P1 and P2 were designed to amplify a conserved region of the species C adenovirus hexon gene, which was detected with the internal TaqMan probe P3. Serial 10-fold dilutions (from 5 ϫ 10 7 to 5 copies) of Ad2 DNA (Invitrogen) were included with each analysis to generate a standard curve for quantitative assessment of donor adenovirus DNA.
All samples were also tested for glyceraldehyde-3-phosphate dehydrogenase (GAPDH) DNA by real-time PCR using primers P4, P5, and P6. Thermocycling profiles for real-time PCR consisted of 1 cycle of 95°C for 15 min and 50 cycles of 95°C for 15 s, 53°C for 35 s, and 72°C for 30 s in a Bio-Rad iCycler (Bio-Rad). All standard dilutions and samples were run in triplicate or duplicate for hexon or GAPDH, respectively.
To avoid sample-to-sample contamination, different rooms and dedicated equipment were used for DNA purification and processing, PCR setup, and gel analysis. The PCR setup hood was treated with UV light for 15 min prior to setting up any PCR amplification. Positive-displacement pipettes were used for PCR setup, and experimental samples were interspersed with blank or negative samples. In the experiments shown here, no signal was detected in any blank or negative samples.
Nested PCR for adenovirus hexon DNA. Two different nested PCR assays were used to detect species C adenovirus hexon DNA in clinical samples. Nested PCR assay 1 (nPCR-1) used primers P7 to P10, derived from the Ad2 hexon sequence (GenBank accession no. BK000407), to amplify nucleotides 20721 to 21572, leading to an 852-bp product in the first round and a 286-bp product in the second round. Nested PCR assay 2 (nPCR-2) used primers P11 to P14, designed to amplify a conserved region of the species C adenovirus hexon gene corresponding to nucleotides 18838 to 19205 of Ad2 (GenBank accession no. BK000407). The first-round PCR, with an annealing temperature of 58°C, amplified a 368-bp product, and the second round PCR, with an annealing temperature of 60°C, amplified a 310-bp product from all four species C adenoviruses. Both nested assays routinely detected five copies of Ad1, Ad2, Ad5, and Ad6 and did not amplify representatives from serotypes A, B, D, E, and F (data not shown).
Adenovirus serotype determination by nested PCR product sequencing. QIAquick (Qiagen) purified nested PCR products from the nPCR-1 assay were sequenced at Agencourt Bioscience Corporation (Beverly, MA). The Lasergene (DNA Star) software package was used for assembly and analysis of the sequences. Virus serotyping was performed by sequence comparison between the PCR product and known nucleotide sequences for species C adenoviruses published in GenBank by the National Center for Biotechnology Information. The predicted nucleotide sequences from the hexon gene were aligned and evaluated empirically by visual inspection for matching with the canonical sequences. Serotype-specific (canonical) bases with nucleotide numbers for Ad1 (nucleotides 21060 to 21345), Ad2 (nucleotides 21049 to 21334), Ad5 (nucleotides 21005 to 21290), and Ad6 (nucleotides 2197 to 2482) were identified by conserved nucleotide base changes within the 286-bp nPCR-1 products.
Species C serotype determination by fiber PCR. For further evaluation of individual species C serotypes, four different nested PCR assays were developed, each detecting only Ad1, Ad2, Ad5, or Ad6, based on sequences in the fiber gene. Primers P15 to P18 were used to detect the Ad1 fiber gene, using an annealing temperature of 56°C for both rounds. The first round of Ad1 PCR produced a 379-bp product, and the second round produced a product size of 237 bp. Primers P19 to P22 were used to detect the Ad2 fiber gene, with an annealing temperature of 60°C for both first-round and second-round PCR. The Ad2 nested assay produced a first-round PCR product of 331 bp, and the nested round produced a product of 301 bp. The Ad5 fiber gene was detected by primers P23 to P26 used at an annealing temperature of 57°C for both rounds of PCR amplification. The first-round products were of 684 bp, and the nested PCR produced a product of size 347 bp. For Ad6 fiber gene detection, primers P27 to P30 were used at an annealing temperature of 60°C for both rounds of PCR amplification. The sizes of the first-round and second-round products were 308 bp and 303 bp, respectively.
The sensitivity of the assay was determined by performing PCR on 10-fold serial dilution of purified adenovirus DNA. The wild-type Ad1, Ad5, and Ad6 viruses were provided by Dean Erdman, Centers for Disease Control and Prevention, Atlanta, GA, and virus DNA was purified by standard methods (47) . Purified Ad2 DNA was purchased from Invitrogen (Carlsbad, CA). For measuring the limits of detection of all of the qualitative and quantitative PCR assays, a known amount of purified Ad2 DNA, from 5 ϫ 10 6 to 5 copies per reaction mixture, was amplified. The measured sensitivities of serotype assays for all species C were 5 genome copies.
Nested PCR for adenovirus E1A. The adenovirus E1A genes were detected by nested EIA primers as described by Flomenberg et al. (17) . This assay detects most Ad serotypes (species A to F). E1A primers were used at an annealing temperature of 56°C. Following the first round of amplification with primers P31 and P32 using 45 cycles, 5 l of PCR product was amplified in the second round with primers P33 and P34 for 30 cycles.
Culture assay for infectious virus. On day Ϫ1, 2 ϫ 10 4 adenovirus-permissive A549 cells were plated per well (24-well plate) with 2 ml Dulbecco's modified Eagle's medium (DME) containing 10% FBS, 0.05 mg/ml AA, and 10 mM glutamine. Cells were left overnight in an 8% CO 2 incubator. On day 0, each well was washed once with serum-free DME. A total of 10 7 Ficoll-purified lymphocytes in 100 l PBS from adenoids and/or tonsils were freeze-thawed twice and then sonicated for 1 min. Twenty-five microliters of freeze-thawed lysate or control virus (PFU as indicated, usually between 3 and 30 PFU) was then placed onto the previously plated A549 cells in 200 l of serum-free DME. The plate was incubated at 37°C with 8% CO 2 for 2 h with occasional rocking. After 2 h, plates were washed twice, 1.3 ml of DME-2% FBS was added to each well, and the plate was returned to the incubator for 6 days. On day 6, 0.5 ml of DME-2% FBS was added to each well, and the plate was returned to the incubator for an additional 2 days. On day 8, a new 24-well plate was prepared with 1 ml DME-2% FBS per well. On day 8, cells were harvested, and one-fifth of each well volume was passed into the newly prepared 24-well plate. Samples were returned to normal growth conditions for an additional 2 days. On day 10, adherent and nonadherent cells were harvested and the cells processed for intracellular staining of the adenovirus hexon protein or for quantitation of viral DNA by real-time PCR.
Intracellular staining for adenovirus hexon protein. Intracellular staining for hexon capsid protein was done essentially as described by Weaver and Kadan (61) . Briefly, harvested A549 cells were washed in PBS with 2% FBS and adjusted to 1 ϫ 10 6 cells/ml. Cells were centrifuged and suspended in 1% formaldehyde in PBS at a density of 1 ϫ 10 6 cells per ml for 30 min at 25°C to fix the cells. Cells were then centrifuged and suspended in PBS with 0.2% Tween 20 at a density of 1 ϫ 10 6 cells/ml for 15 min at 37°C to permeabilize the cells. Cells were washed twice in PBS with 2% FBS and suspended in the same buffer containing the primary antihexon antibody (Chemicon MAB 8051) at a 1:100 dilution of the 1-mg/ml stock for 30 min at 25°C. Purified mouse immunoglobulin G (Pharmingen 557273) was used as an isotype control for nonspecific staining. After primary antibody staining, cells were washed twice in PBS with 2% FBS and suspended in PBS with 2% FBS containing the secondary antibody, phycoerythrin-conjugated goat F(abЈ) 2 anti-mouse immunoglobulin G (Southern Biotechnologies no. 1032-09) for 30 min at 25°C. The secondary antibody was used at a 1:100 dilution of a 0.25-mg/ml stock. Cells were then washed in PBS with 2% FBS, resuspended in PBS with 2% FBS, and analyzed on a Becton Dickinson flow cytometer.
RT-PCR. A total of 5 ϫ 10 6 to 10 7 lymphocytes were centrifuged and suspended in 600 l of RLT buffer from Qiagen. These samples were stored at Ϫ80°C until RNA purification. RNA was purified using the Qiagen RNA purification kit. Purified RNA was quantified and subjected to reverse transcription (RT) using the GeneAmp RNA PCR kit from Applied Biosystems (N808-0143). Twenty microliters of purified water was added to each 20-l RT reaction mixture, and 5 l of this sample was used directly for E1A, E3, and fiber PCR amplification using the Qiagen HotStar Taq polymerase according to the manufacturer's recommendations. E1A primers P35 and P36 were used at an annealing temperature of 55°C to amplify conserved region 1 of the E1A gene. Fiber was amplified by a seminested approach with primers P37 and P38 for 35 cycles with an annealing temperature of 56°C for the initial reaction. One microliter of this reaction product was amplified with primers P37 and P39 for 25 cycles under the same conditions.
Three sets of primers were used to detect E3 gp19K and E3 14.7K transcripts. Primers P40 and P41 were used to amplify E3 gp19K sequences of all species C adenoviruses. E3 14.7K sequences of Ad1 were amplified by primers P42 and P43, while the same gene from Ad2 was amplified by primers P44 and P45. All E3 primers were used at an annealing temperature of 53°C. All RT-PCR products were visualized on a 1.8% agarose gel stained with ethidium bromide. The gp19K and 14.7K PCR products were 159 bp and 175 bp, respectively. gp19K primers were used to detect each of the species C viruses, while the 14.7K primers could detect serotypes 1 and 2. PCR products were visualized on a 1.8% agarose gel stained with ethidium bromide.
Lymphocyte activation cultures. Ficoll-purified tonsil and/or adenoid lymphocytes were harvested immediately ("initial") or cultured at 10 6 cells/ml in RPMI complete medium (containing 10% FBS, 10 mM HEPES buffer, 10 mM glutamine, AA, and 0.05 mg per ml gentamicin) in a 37°C, 5% CO 2 incubator (see Table 3 and Fig. 10B ). Lymphocytes were cultured either alone or with phorbol myristate acetate (PMA) (50 ng per ml; Sigma) and ionomycin (1 M; Calbiochem) ("cultured") for 48 or 96 h. Samples (equivalent to 5 ϫ 10 6 to 1 ϫ 10 7 cells) were tested for adenovirus RNA by RT-PCR. Ficoll-purified tonsil and/or adenoid lymphocytes were either harvested immediately (10 7 cells, resuspended in DME and frozen at Ϫ70°C) (unactivated) or cultured at 3 ϫ 10 6 cells/ml in RPMI complete medium containing human interleukin-2 (IL-2) (10 g/ml; eBioscience, catalog no. 14-8029-63), ionomycin (0.25 g/ml; Sigma, catalog no. I0634), and PMA (33 ng/ml; Fisher, catalog no. PRV1171) in 12-well plates at 1 ml/well in a 37°C, 5% CO 2 incubator for 44 h ("activated") (see Fig. 10C ). The plates had been precoated with 1 ml of PBS containing anti-human CD3 (5 g/ml; BD Pharmingen, catalog no. 555336) and anti-human CD28 (0.5 g/ml; R&D Systems, catalog no. AF-342-PB) monoclonal antibodies. Following incubation, the activated lymphocytes were harvested, washed twice, and resuspended in DME. Both activated and unactivated lymphocytes were subjected to three cycles of freezing and thawing to release cell-adherent virus, followed by brief sonication and centrifugation. Supernatants were added to A549 cells and incubated at 37°C for 2 hours. Plates were then washed, and DME-2% FBS was added to each well. A549 cells were incubated for 10 days as described above for assay of infectious virus. Cells were then harvested and prepared as described above for real-time PCR quantitation of adenovirus DNA.
Statistical analysis. The number of viral genomes per 10 7 cells was log transformed for analyses by linear regression and analysis of variance (ANOVA). Pairwise comparison of genome copy numbers from adenoid and tonsil lymphocytes was performed by the Wilcoxon nonparametric rank test. Categorical analysis was performed by Fisher's exact test. P values of less than 0.05 were considered to be statistically significant. Analysis was performed with the suite of tools available as the standard package of the open-source computing environment R (www.R-project.org).
RESULTS
Adenovirus DNA is found in most tonsil and adenoid samples removed by tonsillectomy. A total of 243 samples, containing Ficoll-purified mononuclear cells from the tonsils and/or adenoids of 203 donors (age 1 to 19 years), were analyzed by a nested PCR assay directed at the hexon region (hexon nPCR-1) for the presence of species C adenovirus DNA. This assay can detect three copies of DNA per reaction from all four species C serotypes, giving a lower limit of sensitivity of 240 or fewer copies in 10 7 donor lymphocytes. Of these donor samples, 186 (76%) contained detectable levels of the viral DNA. Of the 40 donors whose adenoid and tonsil tissues were assayed separately, 27 contained viral DNA in both tissues, and 2 contained viral DNA in neither tissue. The remaining 11 contained viral DNA in either the tonsil or the adenoid sample, and these 11 positive samples all had numbers of viral DNA copies at the lower limit of detection by the nested PCR assay (see below). In all, viral DNA was detected in tonsil or adenoid tissues from 160 of the 203 donors (78%).
Some samples were also evaluated for species C adenovirus DNA using a different nested PCR assay directed to another region of the hexon gene (hexon nPCR-2) but with a sensitivity similar to that of the first assay (three to five copies). Of 63 samples testing positive for viral DNA by hexon nPCR-1, 60 (95%) were also positive using the second nested PCR assay. Interestingly, the three negative samples contained relatively high levels of viral DNA by quantitative PCR, indicating that the failure to detect them in hexon nPCR-2 was unlikely to be due to sensitivity but rather was due to small sequence variations in the region of nPCR-2. All three negative samples contained species C serotype 5. In addition, of 65 samples from 43 donors that were negative by hexon nPCR-1, viral DNA was detected in only 3 (5%) (from 3 different donors) using either nPCR-2 or yet another assay that detects the E1A region (data not shown). Figure 1 illustrates the relationship between donor age and the presence of adenovirus DNA in the tonsil and adenoid tissues of the donor population. The fraction of children with detectable adenovirus DNA increased from age 2 to 4. After age 4, this fraction declined with increasing age. The shape of the local regression curve in Fig. 1 suggests that the fraction of young children who contain species C adenovirus DNA in adenoid tissue is roughly 60% at age 2 (the youngest age of donors in this study) and increases until slightly beyond age 4. This analysis leads us to suggest that by age 4 virtually all children undergoing tonsillectomies will have species C adenovirus DNA in lymphoid cells of the tonsils and adenoids. After age 4, viral DNA appears to be lost from some of the individuals, such that approximately half of the donors contained detectable levels by age 15. Quantitative real-time PCR was used to determine viral genome copy numbers in donor lymphocytes. Among samples determined to contain viral DNA by nested PCR, most (85%) contained sufficient DNA to be quantifiable by a real-time assay based on the inner primers from the nested assay. This assay (hexon QPCR-1) reliably detects 5 viral genomes per reaction, or 400 per 10 7 donor lymphocytes, for Ad1, Ad2, and Ad5 and is roughly 4 log units less sensitive to Ad6. Figure 2 depicts the relationship between donor age and amount of viral DNA in tonsil/adenoid lymphocytes, given as virus genome copy numbers per 10 7 nucleated cells. Although a wide range of values is represented in the 159 nonzero samples shown in Fig. 2 , the number of genomes recovered per nucleated cell was inversely correlated with the age of the donor. The linear relationship observed with the log-log plot is consistent with a decline in both the number of viral DNA-containing cells and the amount of viral DNA in each cell. However, it is also possible that the number of viral DNA-positive cells remains constant and the level of viral DNA in each cell declines over time. Under this model, the amount of viral DNA per 10 7 cells declines with an apparent half-life of 2.6 years (95% confidence interval, 1.7 to 5.0 years). These findings, using nearly six times as many patient samples, confirm our previous suggestion (20) that the youngest donors contain the largest numbers of adenovirus genomes. Separate regression lines for viral DNA obtained from either adenoids or tonsils are offset and parallel, with adenoids containing more viral DNA than tonsils (data not shown), suggesting that similar rates of decline in viral DNA and possibly the number of DNA-containing cells occur in the two tissues.
Early in these studies, where donor tissue consisted of both palatine tonsils and adenoids, these tissues were analyzed separately by quantitative PCR to identify any systematic difference between them in their adenovirus content. Of the 40 donors for which paired adenoid and tonsils were available, 33 contained more viral DNA (on a per-cell basis) in adenoid than in tonsil samples (P ϭ 0.00014 by the Wilcoxon nonparametric rank test), while only 5 contained more viral DNA in the tonsil than in the adenoid sample. The amount of viral DNA recovered from the paired tissues for which viral DNA was quantifiable in both tissues is depicted in Fig. 3 . The amount of viral DNA recovered from the paired tissues ranged from a low of 0.16-fold to a high of 730-fold more DNA being found in adenoid than tonsil, with a median value of 11.5-fold.
Only the four species C serotypes are found in nonreplicating form in tonsil tissues. Serotype-specific nested PCR assays for the fiber gene were developed to determine which species C serotypes were present in 55 donor samples. Of the 103 species C viruses identified, only three were of serotype 6. The remaining samples were evenly distributed between serotypes 1, 2, and 5 (Fig. 4A) . Multiple serotypes were found in nearly half of the donor samples, such that 21 samples (38%) con- tained two serotypes and 4 (7%) contained three species C serotypes. The distribution seen in Fig. 4B is consistent with a model in which the probability of harboring one species C adenovirus is independent of harboring another species C virus. Over the entire study population, the probability of a sample containing one or more species C virus is 73%. Under this model, the probability of acquiring a single species C serotype is approximately 46%. Neither the age of the donor nor the viral genome level was related to the presence of any specific serotype (P Ͼ 0.50 by one-way ANOVA). Similarly, the presence of multiple serotypes was statistically unrelated to the age of the donor (P ϭ 0.07 by one-way ANOVA).
The PCR product amplified using hexon nPCR-1 (nucleotides 21060 to 21345 of Ad1) contains 21 nucleotides that differ among the four species C serotypes. In an earlier study, these sequence differences were used to determine which species C serotype was dominant in tonsil samples (20) . Sequences in this area of the hexon gene were compared to sequences in GenBank for a total of 21 patient samples. Four each of Ad1, Ad2, and Ad6 samples contained identical nucleotides at the 21 variant residues. Seven of nine Ad5 samples were identical to published Ad5 sequence, but two of the Ad5 samples contained multiple nucleotide substitutions or deletions (see Fig.  S1 in the supplemental material).
The PCR assays used to detect hexon and fiber sequences in this study were all designed and confirmed to be specific for the species C serotypes only. To determine whether any of the other subspecies of adenoviruses could be detected, 62 samples from 42 individual donors that lacked species C hexon DNA were tested for the presence of other adenovirus DNA using a nested PCR assay for the E1A region that detects representatives of all species of adenovirus (17) . All samples were negative, suggesting that in this age group, only species C virus DNA is present in nonreplicating form in these mucosal lymphoid tissues.
Replicating virus is rare in tonsil tissues. Early studies on the epidemiology of adenoviruses found that recurrent shedding of virus in stools of young children is the likely reservoir of infectious virus in the population (19) . This suggests that reactivation of latent virus in mucosal lymphoid tissues maintains the life cycles of these endemic viruses. These early studies also suggested that, because individual infants could go long periods of time without shedding detectable virus and then have brief periods of virus shedding, only a minority of viral DNA-bearing donors should contain infectious virus at any given time. In our previous study (20) we reported finding that only 1 of 16 samples tested contained infectious virus as measured by coculture of tonsil lymphocytes with permissive cells and monitoring of cytopathology. Initial attempts to use plaque assays to detect infectious virus in tonsil samples revealed few, small plaques from some samples, suggesting that the persistent virus in these tissues may replicate and/or spread more slowly than the tissue culture-adapted "wild-type" strains to which they were being compared (not shown). An infectivity assay was developed that permitted longer incubation of virus with permissive cells followed by virus detection using intracellular staining for hexon and flow cytometry to confirm infection with adenovirus. Figure 5 illustrates the application of this assay using a small inoculum of Ad2 (5 PFU) compared to representative positive and negative patient samples. The infectivity assay was compared directly with the plaque assay on eight DNA-positive donor samples (Table 1) . Of these samples, three (45A, 30A, and 15A) produced small numbers of plaques. All three plaque-positive samples were also positive in the infectivity assay. However, the infectivity assay detected virus growth in two samples (43T and 51A) that did not produce detectable plaques, making the infectivity assay a more sensitive measure of the presence of replicating adenovirus than the traditional plaque assay.
The infectivity assay was used to test tissue samples from 90 DNA-positive and 4 DNA-negative donors, in which cells were thawed from liquid nitrogen and Ficoll purified to remove dead cells and debris and the remaining cells lysed to release virus. Replication-competent virus was identified in 11 of 90 DNA-positive donors (12.2%) and in none of the 4 DNAnegative donors. Eight donors with both adenoid and tonsil samples were included in this analysis. The status of replication-competent virus was identical in seven of the eight paired samples, with the exception being a donor with replicating virus in tonsil but not adenoid tissue. This donor was unusual in that the viral DNA load was substantially higher in the tonsils (295,000 genomes per 10 7 cells) than in the adenoids (15,000 genomes per 10 7 cells), perhaps due to an active adenovirus infection in tonsils at the time of tissue removal. Samples containing the highest levels of viral DNA (median, 22,000; range, 9,680 to 1.75 ϫ 10 6 genomes per 10 7 cells) were more likely to contain replication-competent virus than samples with low levels of viral DNA (Fig. 6A) . Nonetheless, most samples with substantial amounts of viral DNA (median, 2,800; range, 0 to 10 6 genomes per 10 7 cells) did not contain replication-competent virus, consistent with the notion that most virus present in the lymphocytes was not replicating at the time of tissue removal.
Curiously, although younger donors tended to have more viral DNA, the greatest fraction of replication-competent virus was found in donors with a median age of 3.7 (Fig. 6B) . Although this distribution was not statistically significant (P ϭ 0.055, Fisher's exact test), the trend suggested by these results indicates that although replication-competent virus was most likely to be found in donors with high viral genome levels, this may be more likely in patients between 3 and 4 years of age. 
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This relationship can also be seen in Fig. 2 , where donor samples found to have replicating virus are seen above the regression line and clustered about age 4. The failure of some samples to produce plaques when replicating virus was present coupled with the sometimes less robust replication in the 10-day-long infectivity assay (Fig. 5 ) led us to compare directly the kinetics of DNA replication between patient-derived and laboratory-adapted virus. For this experiment, A549 cells were inoculated with either the wildtype serotype 2 virus or lysates from five donor samples determined to contain replication-competent virus and from one negative sample. Viral DNA levels were measured in the A549 cells shortly after adsorption and 2, 5, and 10 days postinfection. As seen in Fig. 7A , levels of the laboratory-adapted virus DNA rose by approximately 4 orders of magnitude after only 2 days. In contrast, none of the patient-derived samples showed a substantial increase in viral DNA at this time (Fig.  7B ). An increase in viral DNA was observed for three of the five positive samples after 5 days, but a significant change was not observed until 10 days postinfection. Note that by 10 days, viral DNA from some patient samples had amplified to the same level as the laboratory-adapted virus. The basis for these FIG. 5 . Flow cytometry analysis of adenovirus infectivity of clinical samples following 10 days of incubation on permissive (A549) cells. Lysates of donor lymphocytes were used to inoculate A549 cells, followed by a 10-day incubation. Cells were harvested and stained for intracellular hexon protein as described in Materials and Methods. Controls were uninfected A549 cells or A549 cells infected with 5 PFU Ad2. Patient samples contained the following numbers of species C adenovirus genomes/10 7 cells: 45A, 1,140,000; 36A, 292,000; 15A, 35,000; 31A, none detected; 39A, none detected. differences remains unknown; however, it seems unlikely that heritable differences in the viral genome contribute to this effect because with subsequent passages, the patient-derived virus replicated with the same kinetics as the laboratoryadapted virus (data not shown). Adenovirus DNA integrated into the cellular chromatin becomes methylated, which in turn diminishes transcription from viral promoters (9) . Perhaps similar epigenetic modifications occur to viral DNA carried in a latently infected cell. Following the 10-day incubation used to determine the presence of replicating virus, samples were collected and the serotype of the infectious virus was determined by fiber PCR (Table 2). In each of the nine samples tested, only a single serotype of virus was replicating, even in samples containing more than one serotype at the beginning of culture. In 5/9 samples (56%), the replicating virus was Ad1. Ad5 and Ad2 were found in 2/9 (22%) and 1/9 (11%), respectively. A single donor, 141T, contained replicating virus by hexon staining, but no DNA could be detected by fiber or hexon PCR assays, both of which are specific to species C adenoviruses. The replicating virus in 141T was tested by Dean Erdman at the Centers for Disease Control and Prevention and found to be Ad3, a relatively common species B serotype. This is the only time an adenovirus other than the species C viruses was detected in these tissues. Although serotypes 1, 2, and 5 were equally represented among donor samples, this limited survey identifies Ad1 as the replication-competent virus in the largest fraction of samples.
Frequency of virus-containing cells.
A limiting-dilution assay was used to determine the frequency of tonsil lymphocytes that contained adenovirus DNA. For this assay, fivefold dilutions of Ficoll-purified donor lymphocytes were diluted with noninfected lymphocytic cells. Cells from each dilution were lysed and tested for the presence of adenovirus DNA using a nested PCR assay able to detect as few as three copies of the viral genome. The fraction of viral DNA-positive samples is plotted as a function of the log 10 of the dilution in Fig. 8A . A nonlinear mixed-effects model was used to fit a two-parameter logistic equation to the data, in which the slope parameter was assumed to be constant between donors, while the inflection point was allowed to vary between donors. The x value at the point where the best-fit curve is 63% corresponds to one DNApositive cell per well. This value, shown in each panel of Fig. 8B . The data can be described by a straight line. The projection of this regression line intersects the y axis when the x value corresponds to one adenovirus genome per cell. The reciprocal of this number is the average number of genomes per infected cell. The nine samples analyzed here yield an estimated value of 280 genomes per infected cell with a 95% confidence interval of 15 to 5,000 genomes per infected cell.
While measuring the number of viral genomes per cell and the frequency of infected cells, we noted substantial variation within some samples. To identify the source and nature of this variation, we performed repeated measures on replicate aliquots from nine donor samples. Between 9 and 18 replicate aliquots of 5 ϫ 10 6 Ficoll-purified cells were separately lysed, and the number of adenovirus genomes present in each lysate was determined by quantitative PCR. Each value plotted in Fig. 9 is an average of three to five measurements from each replicate aliquot. The solid line shows the robust mean for all replicates from a single donor. This was determined by Huber's M-estimator, which diminishes the influence of outlying values on the mean. This analysis reveals at least two sources of heterogeneity. Variation around the mean was observed for all samples. In donor samples 43T, 45T, and 54A all measured values were within 6 standard errors of the mean (SEM) (dotted line). This heterogeneity among aliquots of 5 ϫ 10 6 cells is consistent with the limited number of cells within each aliquot that are expected to contain adenovirus DNA. The Poisson distribution would govern the frequency of adenovirus-positive cells in each aliquot.
The second source of heterogeneity is apparent in the remaining samples analyzed in Fig. 9 and is reflected by values falling beyond the 6-SEM limit. It seems likely that these values arise from rare cells with substantially more viral genomes than the average value. Because typically only one or two replicates contained DNA at levels significantly above the 6-SEM limit, it seems likely that these replicates contained a single cell with approximately 3-to 10-fold more viral DNA than the typical infected cell. From Poisson considerations, the Ficoll-purified cells from nine donors was determined three to five times. The mean value for each replicate is plotted on a linear scale. The solid line shows the robust mean for all replicates from a single donor. The dashed line shows an upper limit corresponding to 6 SEM above the mean. Open symbols identify replicates that fall at or below the 6-SEM upper limit. Closed symbols identify replicate values above this limit. The donor number and tissue (A for adenoid and T for tonsil) is identified above each panel.
frequency of these cells is approximately 1 in 5 ϫ 10 7 , which is on the order of 3-to 3,000-fold less frequent than the typical adenovirus-positive cell.
Latent species C adenovirus DNA in tonsil and adenoid tissues. In order for the nonreplicating adenovirus DNA detected in tonsil tissues to represent a stage in the life cycle of the virus, it must be capable of replicating and forming infectious virus when appropriate signals are delivered to the T cells that carry it. The capacity of tonsil-associated viral genomes to transcribe viral early and late genes was tested by incubating Ficoll-purified tonsil lymphocytes in vitro with and without PMA and ionomycin to simulate T-cell receptor signaling and testing for the presence of several virus transcripts by RT-PCR. The results are summarized in Table 3 . At the initiation of culture, only 2 of 12 DNA-positive samples (17%) contained detectable viral RNA. Following in vitro culture, 11 of 13 (85%) were transcribing viral early and/or late genes, suggesting that some activation signals are indeed capable of stimulating viral transcription. The experiments summarized in Table 3 involved time course analysis of viral RNA over the period of from 8 to 96 h in culture. The donor was considered positive for the mRNA in question if it could be detected at least one of the time points. Most, but not all, samples were positive at multiple time points. Interestingly, the classical progression of immediate-early to early to late genes was not observed in these experiments, probably due to heterogeneity within the cell population being analyzed (data not shown).
If the quiescent adenovirus DNA in tonsil tissues is the reservoir for virus persistence in the population, then appropriate activation signals should also lead to viral DNA replication and infectious virus production. To test this prediction, lymphocytes from several DNA-positive, replicating-virus-negative donors were cultured for up to 4 days with or without PMA and ionomycin, and samples were removed at intervals for quantitation of adenoviral DNA. Samples from half the donors (10/20) contained higher levels of viral DNA following culture than uncultured samples (data not shown). To determine whether these increases in viral DNA involved production of infectious virus, lysates of cultured lymphocytes were added to permissive A549 cells and viral DNA was quantified after 10 days of culture. Most donors showed evidence of infectious virus production as monitored by the presence of replicating viral DNA following the 10-day culture on permissive cells (Fig. 10) . Figure 10B illustrates the results of these experiments for two donors, 58A (viral DNA positive) and 31A (viral DNA negative). This approach was extended to a panel of donors, all of whom had moderate to high levels of viral DNA (Fig. 10A ) and no evidence of infectious adenovirus at the time of tissue removal. Ficoll-purified lymphocytes were cultured for 44 h in medium containing PMA/ionomycin along with IL-2 and antibodies to CD3 and CD28 to maximize activation of T cells, followed by coculture of lysates on permissive A549 cells. After the 10-day coculture, A549 cells were harvested and tested for adenovirus DNA by real-time PCR. Figure 10C illustrates the results of this approach with 14 viral DNA-positive donors and one viral DNA-negative donor (31A). Including the findings with donor 58A, 13 of 15 adenovirus DNA-positive donors (87%) released infectious virus during the activation period. Serotype analysis revealed that all three of the common species C serotypes (Ad1, Ad2, and Ad5) were activated from latency in these experiments (not shown).
DISCUSSION
This study establishes that most (here 78%) pediatric donors carry species C adenovirus DNA in their nasopharyngeal lymphoid tissues, with the frequency of adenovirus-positive tissues peaking at around age 4 and then decreasing with age of the donor. This tempo of seeding of the tonsil tissues with adenoviruses parallels early studies that described the rapid rise in the development of anti-species C adenovirus antibodies during the first 5 years of life (29) .
Among donor samples where tonsil (palatine tonsil) and adenoid (pharyngeal tonsil) samples were analyzed separately, significantly more virus was present in the adenoid than in the tonsil from the same donor (on a per-cell basis). A similar distinction between virus levels in tonsils versus adenoids was observed, with the same set of samples, for human bocavirus (38) . In addition, early studies on outgrowth of virus from tissues explanted to culture found more adenovirus in adenoid than in tonsil tissues (30) . The basis for this difference is unknown but may relate to differences in the epithelia of these organs and their susceptibility to infection by these viruses. Adenoids lie under a mucosa of pseudo-stratified columnar epithelium similar to the rest of the respiratory tract, while the tonsils are covered by stratified squamous epithelium (10) .
Although all four species C serotypes were identified in tonsil tissues, serotypes 1, 2, and 5 each represented about a third of the total, with type 6 appearing only rarely. This distribution was somewhat surprising, given that serotypes 1 and 2 are encountered significantly more often in respiratory diseases than is type 5 (29, 52, 60) . It is possible that type 5 is less pathogenic than types 1 and 2 and hence more likely to lead to asymptomatic infections but is equally prevalent in the population and in its ability to infect tonsil tissue long-term. This is supported by observations that the prevalence of antibodies against type 5 is only slightly less than that against types 1 and 2 in children (55) . Nearly half of donor samples tested con- tained more than one species C serotype, and statistical analysis indicates that prior infection with one type has no effect on establishment of infection with another type. This suggests that cell-mediated immunity, which is cross-reactive among the species C serotypes (34, 54) , has little or no impact on the establishment of persistent infection in lymphoid tissues. Thus, sequential infections with species C serotypes early in life lead to establishment of multiple persistent infections of the mucosaassociated lymphoid tissues. Of the 21 samples analyzed by sequencing of the nPCR-1 hexon product, only two were different from the prototype sequences in GenBank. Four each of Ad1, Ad2, and Ad6 had sequences identical to those of published stains, but two of nine Ad5 isolates contained multiple substitutions or deletions compared to the GenBank sequence. Sequence variants in the hypervariable regions of Ad5 are encountered more frequently than with the other species C viruses in isolates from acute disease, which suggests that there is more diversity in the Ad5 population generally (37) .
In the present study, fewer than 15% of samples containing adenoviral DNA also contained infectious virus. Quantitative analysis suggests that only a small amount of viral DNA is present as infectious virus, even in samples with large amounts of viral DNA. This finding is in sharp contrast to early descriptions of adenoviruses in tonsil and adenoid tissues, where most tissues explanted to culture yielded infectious virus. One key difference between the present study and early investigations is that the latter identified adenoviruses in tonsil and adenoid tissues by explanting pieces of these tissues to organ culture and observing over weeks or months for virus-specific cytopathic effects (14, 29, 30, 51, 58) . The organ culture approach presumably included both viral DNA-containing lymphocytes and fully permissive fibroblast and epithelial cells and permitted small quantities of infectious virus to spread in the culture over time. In most cases, culture was necessary to detect infectious virus (58) . In the present study, time in culture also appears to activate latent virus in the tissues, which was detected by transferring "activated" lymphocyte-derived virus onto permissive A549 cells instead of relying on permissive cells in the tonsil/adenoid tissue itself. Thus, the numbers of donors from which live virus can be recovered following culture approach the high levels noted in the early studies (14, 29, 30, 58) . Reports of infection of laboratory workers in the early adenovirus groups suggest that some exogenous contamination might have elevated the frequency with which live virus was found in these studies (27, 29) .
Among the samples investigated here, only species C viruses were detected, with one exception. A single donor sample contained replicating Ad3, a common species B serotype. No evidence of nonreplicating adenoviral DNA from any other species was identified in these samples. It remains possible that other serotypes of adenovirus form latent or persistent infections in other tissues, such as species B serotypes in kidney (25, 56, 60) , lung (35) , or possibly brain (32) , but because of different tissue tropism, these viruses were not detected in tonsil and adenoid tissue.
In this study, a limiting-dilution approach was used to determine the frequency of cells containing species C adenovirus DNA in tonsil and adenoid tissues. A wide range of frequencies, from 3 to 3,400 DNA-containing cells per 10 7 total lymphocytes, was determined for eight donors, with a median frequency of 150 DNA-containing cells per 10 7 lymphocytes. These donors were chosen because of their relatively high levels of viral DNA, so this frequency range is likely higher FIG. 10 . In vitro lymphocyte activation leads to production of infectious species C adenovirus in tonsil and adenoid tissues. Donors containing moderate to high levels of adenovirus DNA but no detectable infectious virus were chosen for these experiments. (A) Adenovirus DNA levels as determined by real-time PCR in 15 positive donor samples and 1 negative donor sample. (B) Adenovirus DNA levels in lymphocytes from one adenovirus DNA-positive donor (58A) and one negative donor (31A) following activation with and without amplification on permissive A549 cells as described in Materials and Methods. Wild-type (rec700) virus (5 PFU/well) was added to A549 cells, and infected cells were harvested at the indicated times. (C) Adenovirus DNA levels following 10 days of amplification on A549 cells of virus from donor lymphocytes harvested directly (Ϫ) or activated for 44 h (ϩ) as described in Materials and Methods.
than the overall average in the general population. However, it lies within the range encountered in Epstein-Barr virus latency, where healthy donors contain between 5 and 500 virus-bearing cells per 10 7 B lymphocytes in peripheral blood (31, 42) . While working with tonsil cells frozen in multiple aliquots in liquid nitrogen, marked sample-to-sample variation was observed. The analysis illustrated in Fig. 9 revealed that many donors contain a rare cell population that harbors large quantities of adenovirus DNA. At present the identity of this rare cell is not known. Its presence has so far defeated attempts to identify the T-cell subpopulation in which adenovirus is latent. It will be necessary to remove these cells prior to any analysis that relies on enrichment or depletion of viral DNA to identify the relevant cell subpopulations.
Two approaches were taken to determine whether the adenoviral DNA found in tonsil tissues represents a true latent state for the virus. First, the presence of virus transcripts was determined by RT-PCR before and after in vitro incubation under conditions that lead to generalized cellular activation. Although initial cultures rarely showed evidence of viral transcription, nearly all samples (85%) became transcriptionally active following culture. To determine whether DNA-containing samples could be induced to produce infectious virus, tonsil/adenoid cells were incubated with a cocktail of T-cell activation stimuli (PMA, ionomycin, IL-2, anti-CD3, and anti-CD28), and then lysates of the activated cells were placed on permissive cells and monitored for evidence of infection. Most (87%) showed evidence that activation does indeed lead to production of infectious virus. Although at present the natural ligands that trigger virus-containing T cells to initiate virus replication are unknown, it is clear that this pathway is available to the virus and represents the likely reservoir of species C adenoviruses in the human population (19) . Furthermore, like all DNA viruses that form latent or persistent infections (21) , human species C adenoviruses encode a variety of gene products, primarily within the E3 transcription unit, that function to counteract host antiviral defense mechanisms (36) . We have previously reported that the E3 promoter is upregulated when cells are exposed to signals that activate T lymphocytes (39) . Hence, it appears likely that the immune evasion strategies of these viruses are directed toward protecting the T lymphocyte from destruction during the period of viral activation from latency.
